Insufficient growth and rarefaction of capillaries, followed by endothelial dysfunction may represent one of the most critical mechanisms involved in heart damage. In this study we examined histochemical and ultrastructural changes in myocardial capillary endothelium in two models of heart failure streptozotocin-induced diabetes mellitus (STZ) and NOdeficient hypertension in male Wistar rats. Diabetes was induced by a single i.v. dose of STZ (45 mg/kg) and chronic 9-week stage was analysed. To induce NO-deficient hypertension, animals were treated with inhibitor of NO synthase Lnitroarginine methylester (L-NAME) (40 mg/kg) for 4 weeks. Left ventricular tissue was processed for enzyme catalytic histochemistry of capillary alkaline phosphatase (AlPh), dipeptidyl peptidase IV (DPP IV), and endothelial NO synthase/NADPH-diaphorase (NOS) and for ultrastructural analysis. In diabetic and hypertensive rats, lower/absent AlPh and DPP IV activities were found in focal micro-areas. NOS activity was significantly reduced and persisted only locally. Quantitative evaluation demonstrated reduction of reaction product intensity of AlPh, DPP and NOS by 49.50%, 74.36%, 20.05% in diabetic and 62.93%, 82.71%, 37.65% in hypertensive rats. Subcellular alterations of endothelial cells were found in heart of both groups suggesting injury of capillary function as well as compensatory processes. Endothelial injury was more significant in diabetic animals, in contrast the adaptation was more evident in hypertensive ones. Concluding: both STZ-induced diabetes-and NO-deficient hypertension-related cardiomyopathy were accompanied by similar features of structural remodelling of cardiac capillary network manifested as angiogenesis and angiopathy. The latter was however, predominant and may accelerate disappearance of capillary endothelium contributing to myocardial dysfunction.
INTRODUCTION
The streptozotocin [STZ]-induced diabetes and NOdeficient hypertension are widely used experimental models for the investigation of heart failure [1] [2] [3] [4] . Cardiac dysfunction in both models is consequence of different signal and metabolic derangement which continuously results in structural remodelling of cardiovascular system. The latter is manifested by myocardial hypertrophy and fibrosis as well as coronary artery wall hyperplasia [5] [6] [7] [8] [9] [10] [11] that consequently lead to the heart injury known as cardiomyopathy.
Evidence is rapidly accumulating that morphological alteration of the finest segments of vascular system capillaries -insufficient growth and rarefaction -may represent one of the most critical mechanisms involved in the heart failure [12] [13] [14] [15] . Myocardial capillary wall consists of a continuous monolayer of endothelial cells which form a selective permeable barrier. Capillary wall is covered by pericytes that are multifunctional cells involved also in repair process [16] . Capillaries' major function is to promote exchange of oxygen nutrients and metabolic products between the blood and interstitial tissue. Endothelial cells secret a wide range of biologically active mediators which modulate many physiological activities of cardiovascular system [17] . Thus, functional and structural properties of capillaries predispose them to respond quickly to local changes in biological needs of the myocardium [18] . The endothelial cells are able to adapt to temporal and local requirements. However, their exposition to chronic pathophysiological stimuli or conditions can result in endothelial dysfunction which represents a critical moment in the remodelling processes of vascular wall, extracellular space and consequently the myocardium. These alterations do not occur simultaneously. They may progress due to endothelial structural and functional heterogeneity, intrinsic properties of endothelium as well as nature of the injury [19, 20] .
We focused in this study on histochemical and ultramicroscopic examination of myocardial capillary network in two various animal models of heart failure STZ-induced diabetes and NO-deficient hypertension.
MATERIALS AND METHODS
The study and experimental protocol were approved and monitored by the State Veterinary and 
Animal model of diabetes mellitus
Experimental type I diabetes mellitus was induced by a single intravenous injection of STZ [45 mg/kg] [3] . STZ was dissolved in 0.1 mol/l citrate buffer, pH 4.5. Four days after STZ administration all animals with plasma glucose level >20 mmol/l were considered diabetic and included into the study.
The nine-week diabetes reduced heart rate by 27%, the body weight and heart weight by 28% and 9%, respectively. Relative heart weight [heart weight/body weight ratio] increased by 26%, comparing with age-matched controls.
Animal model of NO-deficient hypertension
Hypertension was induced by application of L-nitroarginine methylester [L-NAME], the inhibitor of NO synthase, in a daily dose of 40 mg/kg in drinking water for 4 w [2] . After that, there was a significant increase in systemic blood pressure by 30%. Heart rate was reduced by 23%, and relative left ventricle weight increase by 27%, as compared to the control group.
At the end of experiments, the animals were killed by cervical dislocation, the heart was rapidly excised and processes for enzyme histochemical and electron microscopic examination. [22] . The intensity of colour staining reflected the activity of detected enzymes and was quantified.
Catalytic enzyme histochemistry

Quantitative analysis
The intensity of enzyme reactions in capillaries was measured using a light microscope [IMT-4, Olympus, Japan] with attached CCD camera [Jai 2040, Jai, Japan] and morphometric software [AnalySIS, Soft Imaging system, Germany]. Each of the measurements [control and experimental groups] was performed blindly, and under similar conditions of light, offset and magnification. Ten transmural cryostat slices of each heart stained for AlPh, DPP IV and NOS were analysed. Statistical analysis was performed using ANOVA.
Transmission electron microscopy
Ventricular tissue was cut into small pieces and fixed with 2.5% glutaraldehyde in 100 mmol/l cacodylate buffer [pH 7.4] for 3 h. After washing, tissue was postfixed in 1% OsO 4 , dehydrated via ethanol series, infiltrated by propylene oxide and embedded in Epon 
Cytochemical detection of NO synthase
Small pieces of ventricular tissue of all experimental groups were fixed in 1% glutaraldehyde for 5 min, washed and for enzyme activity detection incubated in medium according to Lojda et al. [22] . After post-fixation in 1% OsO 4 the tissue was routinely processed for transmission electron microscopy.
RESULTS
Enzyme histochemistry
Capillary enzyme activity of AlPh and DPP IV reactions were homogeneously distributed within the whole myocardial tissue in control group. AlPh was nonuniformly reduced/abolished mainly in endocardium [ Fig. 1A ], while DPP IV activity was almost without changes. Unlike NOS activity was significantly reduced and persisted only in focal micro-areas within the myocardial tissue of diabetic and hypertensive animals [ 
NO synthase cytochemistry
In parallel with histochemistry, capillary NOS activity was detected on the level of electron microscopy. Specific product of the enzyme reaction was demonstrated only in a part of capillary endothelial cells in diabetic and L-NAME-treated animals [ Fig. 3 ]. Endothelial cells due to the enzyme reaction product were electron dense, while in other ones the enzyme activity was absent.
Myocardial capillary endothelial cells ultrastructure
Ultramicroscopic analysis of capillaries showed heterogeneous -reversible till irreversible subcellular endothelial cell alterations disseminated in hearts of both experimental groups [ Fig. 4A -D]. Thickened basal lamina was prominent feature of diabetic heart capillaries, while in L-NAMEtreated rats thickening was less considerable. Oedematous endothelial cells contained a low number of pinocytic vesicles, ribosomes, electrolucent nucleus, partially swollen mitochondria and/or ones with ruptured cristae. Intercellular junctions of endothelial cells were injured, too. Some cells revealed various density of cytoplasm. Capillary lumen was often narrowed and/or irregular due to extensive protrusions and bridging of endothelium into lumen. These alterations indicating cell injury were more significant in the myocardium of diabetic animals. Beside of structural markers of capillary injury, in the hearts of both groups there were also found ultrastructural markers of micro-angiogenesis -process of formation of new capillaries [ Fig. 5A -D]. They were manifested by alterations of endothelium and shape of pericytes which during normal conditions closely line capillary. Close contact between endothelial cell and pericyte became gradually lost due to frequent interaction pericyte-fibroblast in flocculent thickened basal lamina, elongated shape of pericyte was shortened and it appeared to peel of capillary. Migration of endothelial cells, unusually small newly formed capillaries with a small lumen and enriched with ribosomes and pinocytic vesicles were observed as further subcellular markers of angiogenesis. To compensate oxygen supply cardiomyocytes themselves formed capillary-like structures. Subcellular angiogenic markers were found to be more frequently in hypertensive rats.
DISCUSSION
Functional and structural cardiac impairment in animals with chronic diabetes induced by STZ or sustained hypertension due to long-term application of L-NAME have been documented in many studies. Associated with the myocardial dysfunction, severe anatomical alterationsinsufficient growth and rarefaction -were found in the terminal exchange vessels -capillaries [13, 15, 23] . These changes are closely followed by endothelial dysfunction which is due to chronic accumulation of glucose in diabetes, while in hypertensive animals it results from the inhibition of NO generation with NO synthase inhibitor L-NAME. The endothelial dysfunction is associated with the imbalance of secreting vasoactive mediators including NO [12, 24] . NO modulates various physiological activities such as homeostasis, vascular tone, defensive reactions [25] , and its decreased bioavailability contributes to impairment of NO-dependent processes in the myocardium. Reduced NO bioactivity may results from lower NO production [e.g. the inhibition of NOS activity, a deficit of Larginine as the natural NO donor [26] ] or via enhanced NO degradation [increased oxidative stress and generation of oxygen free radicals [27, 28] ] contributed to the impairment of NO-dependent mechanisms. Light microscopy in our studies [10, 29] correlates with quantitative image analysis showing significantly low capillary NOS activity within the myocardial tissue of both groups indicating diminished production of NO and the endothelial dysfunction. Rare focal micro-areas with persisting activity of NOS, which has also seen on electron-microscopic level, stress different vulnerability of endothelial cells to pathophysiological state. Local areas with decreased/abolished activity of alkaline phosphatase in arterial part of capillary bed also supported the endothelial dysfunction and/or capillary reduced density minimising the transport of oxygen and substances to neighbouring cardiomyocytes. In contrast, DPP IV activity as the enzyme marker of venular capillaries was not apparently changed by diabetes or hypertension. Our quantitative data correlated with qualitative ones demonstrated that the reaction density of all detected enzymes -AlPh, DPP IV and NOS -was lower in diabetic animals than in hypertensive rats. As it is known diabetes is multifactorial disease and hyperglycaemia itself has deleterious effect on endothelial cell function [15] . In addition, hyperglycaemia promotes the cascade of further signalling and metabolic abnormalities e.g. increased pro- duction of oxygen free radicals and reduced antioxidative defence [31, 32] , defects in intracellular Ca handling [33] which may have additional destructive effects on the function of capillary endothelium. NO-deficient hypertension is also accompanied by various metabolic disturbances, including enhanced production of oxygen free radicals [34] , reduced activity of Na, K-ATPase [35] , and increased lactate dehydrogenase activity [9] which may contribute to endothelial injury. However, it dosn't only cause such deleterious effects. Histochemical techniques used in our previous studies have shown heterogeneously reduced activities of some other enzymes involved in metabolic and energetic processes in the heart of diabetic and hypertensive rats [8, 11, 30] that may contribute to its dysfunction. In addition to enzyme histochemistry, our studies demonstrated that capillary endothelial cells revealed similar reversible and irreversible subcellular alterations in the myocardium of diabetic and hypertensive animals [8, 11, 30, 37] manifested by thickening of basal membrane, diminished number of ribosomes and pinocytic vesicles, injured mitochondria and electrolucent nuclear chromatin, various density of cytoplasm together with endothelial cell swelling accompanied by luminal narrowing, diversity of capillary calibre, endothelial extravastion, branching of capillaries and pericapillary fibrosis. They represent structural form of endothelial dysfunction and seem to make up an integral part of degradation processes in capillaries and might contribute to accelerated disappearance of capillary endothelium. Comparing diabetic and hypertensive animals, these abnormalities were more frequent in diabetic and correlate with histochemistry In response to stressors, capillaries represent a critical element not only in the angiopathy. Capillary endothelial cells also play a significant role in the process by which capillaries proliferate and differentiate from pre-existing ones -angiogenesis [38, 39] and which develops as one of compensatory mechanisms in the failing heart. Angiogenesis consists of a several distinct steps -activation of endothelium, degradation of basal membrane, proliferating and migrating, re-differentiation and recruitment of pericytes along the newly formed capillary structure. Mentioned ultrastructural markers were found in the myocardium of both diabetic and hypertensive rats [30, 40] . However, they were more evident in hypertensive animals. The initiation of angiogenesis depends on a dynamic balance between numerous pro-and anti-angiogenic factors in the immediate environment of endothelial cells as well as in extracellular matrix [39] . The NO is one of the most important mediator of angiogenesis. However, in the literature there exists controversial data supporting its pro-angiogenic [41] and its anti-angiogenic effects as well [42] . Our results showing reduced endothelial NOS activity and subcellular markers of angiogenesis in both experimental groups support anti-angiogenic effect of NO. Diabetes and hypertension are characterized by reduced NO bioavailability and hypoxia. Hypoxia is known to upregulate transcription factor HIF1 activating expression of genes involved in angiogenesis [43] . However, it was demonstrated that co-existence of both hypoxia and lower NO concentration caused a rapid decrease in HIF1 [44, 45] that may represent one of the mechanisms involved in anti-angiogenic efect of NO.
In conclusion, our results indicate that two different models of heart failure the STZ-induced diabetes and NOdeficient hypertension were accompanied by similar structural abnormalities of capillary endothelial cells that suggest to endothelial angiopathy as well as endothelial angiogenesis.
